INTRODUCTION
It often occurred to me that it would be advisable to try whether seedlings from cross-fertilised flowers were in any way superior to those from self-fertilised Rowers.
G. Darwin (36, p. 8) In the course of working on inheritance, Darwin grew self-and cross-fertilized seedlings of Linaria vulgaris side by side in beds and was surprised to observe a clear difference between them. This led him to began systematic investigations into the effects of close inbreeding that extended over 52 taxa and 11 years (36) .
He was careful to pair selfed and outcrossed seeds for simultaneous germination and grew pairs side by side in the same pots. He soon realized progeny from related plants suffered constitutional changes and concluded "cross-fertilisation is generally beneficial, and self-fertilisation injurious." He further noted that selfed progeny suffered reductions in performance at almost every stage of growth even in taxa that were self-fertile. In Iponzea purpurea, Darwin found fewer seed capsules per self-pollination (69%), fewer seeds in selfed capsules (93%), and selfed seedlings that were shorter (76%). In the sixth generation of selfing, he found a plant with surprising vigor he christened Hero. Hero's descendants maintained unusual vigor, leading Darwin to note that the deleterious changes produced by selfing could be ameliorated under some circumstances. He concluded (36, p. 442) that "the advantages which follow from cross-fertilisation difXer much in different plants" and "There does not seem to exist any close correspondence between the degree to which the flowers of species are adapted for cross-fertilisation and the degree to which their offspring profit by this process." Remarkably, he did all this work with no notion of Mendelian genetics. Today, we refer to the reduced fitness we observe in progeny from matings among relatives as inbreeding depression. Inbreeding depression (ID) is indeed widespread among species and has been investigated thoroughly in domesticated plants and animals in this century (Ch. 2 in 182). We now interpret the occasional superior performance of selfed individuals like Hero and reductions in ID in inbred lines to be the result of purging, the preferential elimination of recessive deleterious alleles in inbred lines (26, 29, 31, 102, 151, 156, 182) . While Darwin failed to find any correspondence between mating system and the degree of ID, several authors report reductions in ID in more inbred populations in both plants (7, 41, 72) and animals (1 2,109,113,137) . If purging is an effective process, we might expect it to progressively favor selfing in more inbred lines. This might account both for plant species that persistently self-fertilize (37, 77) and for the apparent tendency for plant species to either mostly self or mostly outcross (143) . More selfing populations also tend to show reduced ID for early components of fitness as would be expected if selection preferentially purges lethal and semi-lethal mutations that act early (76) . Thus, the evolutionary dynamics of inbreeding have become central in attempts to account for the remarkable diversity of plant mating systems (26, 65, 163) .
Interest in ID dynamics has also expanded to include conservation biologists who wish to understand how inbreeding affects the persistence of small and/or inbred populations. Some researchers, impressed by the potential for purging, recommend intentional inbreeding as a strategy to reduce ID in captively bred populations (1 35, 152,160) . This faith in purging, however, may be misplaced if selection does not consistently reduce the load. Recent theoretical work suggests that purging may be ineffective in small populations in which mutations may accumulate to the point that they threaten population persistence (e.g., 110). Because theoretical predictions regarding ID dynamics hinge on assumptions and pasameter values, there is now considerable interest in assessing how real populations respond to a history of inbreeding. This has spawned a renaissance of empirical work. Much of this work focuses on plants for the same reasons Darwin chose them for experimental work: Many are capable of the closest possible inbreeding (self-fertilization); they are relatively easy to control and cross; and they can be propagated in sufficient number to generate statistically meaningful results.
In this review, we first summarize the theory pertaining to ID and the accumulation of mutations in small populations. After considering mechanisms of ID, we explore how populations accumulate and reduce genetic load via mutation and selection. Theoretical work reveals that the efficiency of purging is strongly affected by the degree of dominance, the distribution of mutational effects, interactions among loci, and the breeding system. In addition, selection in small and/or inbred populations is often compromised, further affecting load dynamics. We next consider studies aimed at assessing how ID responds to varying histories of inbreeding. We concentrate on 52 empirical plant studies that compare ID among taxa, populations, or lineages that differ in their infen-ed histories of inbreeding. This burst of activity, mostly in the last 10 years, stands in contrast to the century after Darwin's initial work which produced few studies of ID outside agricultural settings. Because these studies differ considerably in design, scale, and execution, we first enumerate how frequently purging has been observed in various types of study. We then explore how the extent of purging varies in magnitude over studies, using regression and meta-analyses to assess how the type of experiment, plant characteristics, and the traits measured affect whether purging is observed. We conclude that although much evidence for purging exists, it is not consistent or substantial enough in most cases to favor fully inbred forms of mating or intentionally inbred schemes of mating for conserving small populations. To better understand purging and the genetic basis for ID, we recommend that future work of this kind incorporate a consistent set of methodological and analytical features.
THEORETICAL BACKGROUND

Mechanisms of ID
Deleterious alleles are often both recessive (38) and rare, meaning that their effects will usually be masked in heterozygous form in outbred populations. Thus, dominance is sufficient to account for the decline in fitness observed upon inbreeding 
482
BYERS s WALLER (35, 47, 182) . Overdominance could also account for ID, however, in that fitness will also decline upon inbreeding as complementary alleles segregate as homozygotes (3 1,32,63,184) . Both dominance and overdominance predict similar declines in inbred fitness in proportion to the inbreeding coefficient, F (180a). If fitness effects interact independently across loci, the logarithm of fitness (or fitness components) should decline linearly with increased progeny inbreeding with a slope that measures the extent of the mutational load in terms of the number of lethal equivalents (104, 123, 180) . Epistatic interactions among loci could also account for some ID (13, 90) . Declines in log fitness that are less than linear (positive F* term) indicate diminishing epistasis, while fitness declines that are more than linear reflect synergistic or reinforcing epistasis (p. 79, 35).
Controversy over whether ID primarily reflects dominance or overdominance has persisted for much of this century (34) . Much of the difficulty in resolving the question of mechanism stems from the fact that beneficial and dominant alleles may be linked to detrimental recessive alleles, causing pairs of such linked loci to mimic single overdominant loci (85,130). Such associative (pseudo) overdominance could account for the positive correlations we often observe between fitness and heterozygosity (reviewed in 120) and empirical estimates of overdominance in natural populations (e.g., 53). While work in maize initially implicated overdominance, later work in maize and Drosophila observed declines in apparent dominance levels after further recombination (26, 33, 34, 79, 153) . Associations between heterozygosity and fitness in Drosoplzila and pines appear attributable to associative overdominance (140, 159) . Simulations confirm that associative overdominance arises in inbred lineages and that mutation to partially recessive deleterious alleles produces biologically realistic levels of ID (25, 29) . A recent, welldesigned study of two species of Mimulus concluded inbreeding depression was attributable to greater expression of recessive alleles (43) .
Selection Against the Load
Classic population genetic models illustrate how recurrent mutation to deleterious alleles is balanced by selection against these alleles, leading to an equilibrium that depends on mutation rates, selective effects, the mating system and levels of dominance (35) . If deleterious mutations occur at a locus at rate u and are selected against so that relative fitness is 1-s in homozygotes and 1-hs in heterozygotes, the equilibrium frequency of completely recessive mutations will be ,/(u/s) in an infinite panmictic population. These alleles become much rarer (uls) in a completely inbred population as these alleles are exposed more often to selection. Similarly, selection in heterozygotes becomes far more significant with even partial dominance, decreasing equilibrium frequency to approximately u/ hs (or 2u/s with no dominance). In the absence of inbreeding (F = 0) and dominance (Iz = 0.5), the reduction in average fitness due to mutation-the mutational load (125) per locus-is independent of the selective effect and L = 2u/(1 + u) (35 
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of them to be eliminated as homozygotes, the load is reduced (L = u).This implies that with complete recessivity, the maximum per locus decrease in the load due to purging is u . Over all loci, the load is equal to the sum of the mutation rates at each locus (U = X u ) .
The distribution of selective effects strongly affects the extent of purging. While lethal or semilethal mutations are efficiently purged (102) , purging is far less efficient against mutations of minor effect, particularly if they affect heterozygote performance (26, 61) ,Classic work in Drosoplzi2a suggests that dominance of the wild type is rarely complete and most mutations have minor effects (89, 124) . Assuming that inbreeding populations retain a substantial fraction of their load, the architecture of the load will shift with inbreeding to include fewer lethals and semilethals relative to mildly deleterious mutations. For example, five generations of selfing in Mimuhu gutfatus exposed many major mutations, leading to the loss of almost half of the lines, yet this did not appreciably diminish subsequent levels of ID in many of the surviving lines (44) .
What mutation rates and levels of dominance characterize real populations? Total mutation rates are difficult to estimate, but it is clear that lethal mutations occur regularly in long-lived plants like ferns and mangroves (92, 93 (46, 97) .
Selection is far less efficient in small and inbred populations as selection can act effectively only against mutations with selective effects greater than 1/(2 N,) (182) .As N, declines due to demographic factors or inbreeding, an increasing proportion of deleterious alleles becomes effectively neutral and invisible to selection, reducing the rate at which they are eliminated. Ultimately, we expect drift to result in these alleles being fixed at a probability equal to their starting frequencies. Once fixed, these mutations add to the load in a difficult-to-reverse process known as Muller's ratchet (62).In addition, strong selection against lethals and semilethals can incidentally fix mildly deleterious mutations via background selection or selective sweeps (24) .This will cause many slightly deleterious mutations to be fixed in inbreeding populations even as genes with greater effects are being purged. Ironically, once fixed, these mutations decrease the fitness of both selfed and outcrossed progeny, reducing the difference between them and thus between any estimates of ID based on relative performance. Thus, studies that simply compare levels of ID before and after inbreeding could observe reduced ID even in the absence of purging (see Discussion).
Mating System Evolution
Classically, ID has been considered the primary impediment to the evolution of increased selfing, with various flowering mechanisms (e.g., dioecy, gynodioecy, and monoecy) being interpreted as specifically evolved to avoid or reduce selfing (36 (5, 36, 156) , which may be more important than hitherto appreciated (147) . Clearly, the mechanism by which selfing occurs also affects how selection can act on the mating system (i.e., prior, competing, or delayed selfing; 108). While most models place particular emphasis on genetic factors in mating system evolution, reproductive assurance, pollen discounting, and other ecological factors deserve similar emphasis in models of mating system evolution (65,163). Classic models of mating system evolution considered ID to be a property of the population and assumed its level to be fixed. ID is usually estimated as 6 = 1--W,/ W,, where W, and W, refer to the fitnesses of selfed and outcrossed progeny, respectively. This estimation of the parameter ID S will be bounded from -1 to 1. Such models typically predict that selection (due to the transmission advantage) favors decreases in the rate of selfing if S exceeds 0.5. In some situations, it may take two or more generations of selfing for the decline of fitness with F to exceed this threshold (1 16,176) . This might increasingly favor outcrossing in progressively more inbred populations, allowing a stable mixed (selfed and outcrossed) mating system (176) . If 6 is always less (or greater) than 0.5, however, simple models predict that plants should either completely self (or outcross) (102, 143) . Recent models that consider dynamic processes in mating system evolution make somewhat different predictions (163, 173) . The most influential such model incorporated the capacity for populations to purge themselves of deleterious mutations and hence evolve lower rates of ID after a history of inbreeding (102) . This model allowed ID and the selfing rate to coevolve by alternating selection on the mating system with selection against the load (due to recurrent major mutations at unlinked loci). As expected, reduced ID in more inbred lines can favor runaway selection for ever increasing levels of selfing in such models, reinforcing the binary prediction of classical static models. In contrast, models incorporating associations among load and mating system loci make a richer set of predictions.
In these simultaneous coevolutionary models, ID alone does not predict whether increased levels of selfing will evolve because genetic associations between load and modifier loci complicate selection (67, 68, 164) . In addition, mixed mating systems can be evolutionarily stable under some circumstances (165) . These models also predict that populations will retain among-family variation in ID and mating system characters as well as associations between these (23, 27, 29, 166) . While some empirical studies detected such associations (169; N Takebayashi, LF Delph, in review; §-EM Chang, MD Rausher, in review), others have not.
Our view of mating system dynamics is thus being extended to explore how levels of selfing, population stsucture, and ID all coevolve (173) . This picture is complicated further by load dynamics in small inbred populations.
Genetic Hazards in Small and Inbred Populations
While conservation biologists have traditionally worried most immediately about demographic and environmental hazards, it is now clear that these are compounded by, and interact with, the genetic hazards faced by small populations (48, 52, 55) . Lande (100) identifies three classes of genetic risk to small populations: immediate ID, the loss of possibly adaptive genetic variability, and the fixation of new deleterious mutations (accentuating ID). Early predictions based on the attrition of genetic variance in small populations suggested little genetic danger to populations above a few hundred-the so-called 501500 rule (155) . Recent theoretical work suggests that populations of several thousand may be necessary to maintain quantitative genetic variation and slow the accumulation of deleterious mutations (14, 101, 110) . Empirical support is also emerging (e.g., small populations of Silene regia suffer reduced seed viability; 118).
Lynch and colleagues (54,111) linked demographic and genetic models to demonstrate how the accumulation of deleterious mutations may reduce population persistence via a sunaway process they term "mutational meltdown." These models have now been extended to include sexual populations; they conclude that populations with N, < 100 are highly vulnerable to extinction on time scales of about 100 generations (1 10). In such populations, purging is "at best transient, as intentional inbreeding can only enhance the probability of fixation of deleterious alleles, and those alleles that are purged are rapidly replaced with new mutations." Mostly selfing plant populations appear to be at particular risk of mutational meltdown as they have small iV, and associations among alleles at different loci. Lande's (100) similar models led him to conclude that mildly deleterious mutations are "far more important in causing loss of fitness and eventual extinction than are lethal and semilethal mutations in populations with effective sizes, N,, larger than a few individuals." Inbred populations also suffer from decreases in quantitative genetic variation that could further increase their risk of extinction (101) .
Variable mutational effects, synergistic epistasis, and recurrent beneficial mutations all reduce the accumulation of mutations, but purging becomes impeded in small or inbred populations with hi, less than about 100 (148) . Although linkage can increase the efficiency of selection in some circumstances (30) , small and/or fluctuating population size also restricts selection for favorable mutations (13 1).
The strong selection that accompanies the purging of strongly deleterious alleles also causes allele frequencies at linked loci to change via background selection (24) . This tends to increase population differentiation while further decreasing within-population genetic variation.
Paradoxes of Purging
If purging eliminates much of the load, we should expect inbred populations to show reduced levels of ID. The Charlesworth's earlier review (26) noted that several inbred plant and animal populations express relatively low levels of ID, but others retain substantial amounts. A more recent review of data from 79 populations in 54 species found that ID tends to decline with increases in the estimated selfing rate (rank correlation r, = -0.42) (76). These authors found average 6 levels of 0.23 in the selfers vs. 0.53 in predominantly outcrossed plants. This significant difference supports the purging hypothesis, but ID could also be depressed in selfing populations via fixation as noted above. Perhaps more tellingly, the ID remaining in most of the selfing species occurred later in life as expected if selection had effectively purged early-acting mutations of major effect.
Because purging appears effective, some suggest using intentional inbreeding as a conservation strategy in particular situations (135, 152, 160) . In their work with Speke's Gazelle, Templeton & Read (I 61) reported that the mutational load decreased from 3.09 to 1.35 lethal equivalents for 30-day viability after a period of enforced inbreeding. These results, however, may reflect a statistical artifact (6, 178). The several genetic complications reviewed above suggest that purging will be relatively slow and constrained in its effects on ID for mutations of mild effect and partial dominance. At the same time, the inbred conditions necessary for purging to occur tend to accelerate the fixation of mildly deleterious alleles. Such equivocal results suggest that we should be cautious in promoting purging as a tactic to reduce the load.
Plants with persistently mixed mating systems pose an evolutionary enigma in that a history of inbreeding within a population is expected to purge populations of their genetic load and reduce ID. Thus, we expect species to undergo accelerating. or disruptive, selection for either complete outcrossing or ever-increasing levels of self-fertilization (102) . While many plant species do appear to be either mostly selfing or mostly outcrossing (143) , this partly reflects dominant modes of pollination (2) . Exclusively selfing species are rare, and the many species with mixed mating systems do not appear to be undergoing strong directional selection (172) .
Thus, theory leaves unresolved how effective purging will be in real populations. As both purging and mutation fixation plausibly occur in inbred populations, it is important to assess empirically how ID responds to inbreeding history.
APPROACH
Here, we review studies that test how levels of ID respond to a history of inbreeding. Our goal was to find studies that directly compare levels of ID among groups with divergent inbreeding histories. Most of this work is recent. In choosing studies for our analyses, we specifically sought studies that compare taxa, populations, or lineages that differ in their inferred levels of inbreeding. The studies differ considerably, however, in the taxa chosen, in how differences in inbreeding history were inferred (or manipulated), and in methods for estimating ID. After categorizing the studies according to their scale of comparison (taxon, population or lineage comparisons), we further categorize them according to how inbreeding history was inferred and how ID was measured. These divisions allow us to judge whether the estimated extent of purging varies across these groups.
We looked for studies via online literature searches and surveys of particular journals (Evolution, Heredity, and the American .Tourrzal of Botany since 1985), and we used personal contacts to find studies not yet in print. We chose not to include studies that only compare levels of ID in selfed lines to the 0.5 threshold used in classical models, as measurements of ID are sensitive to the trait chosen and assay conditions (42, 76) . The comparisons presented here provide stronger and more quantitative assessments of the extent of purging.
Fifty-two studies provided usable results spanning 29 families and 52 species (full data online: www.bio.ilst~~.edu/BEES/byers/). Ten studies involved Mimulus, reflecting its utility as a model genus due to its diverse mating systems and short life cycle. All studies found significant ID in at least one trait, but many did not explicitly test for purging.
Scale of Comparison
The studies we review address the degree of purging on one or more of the following scales:
1. Anrong faxa-In these 14 studies, authors compared levels of ID among related species within a genus that differ in flower morphology, self-compatibility, or some other indicator of the extent of inbreeding. The best such studies use molecular systematics methods to confirm that the species chosen are closely related (e.g., Linarzthus-C Goodwillie, in review). 2. Amorzg populations within species-These 21 studies compare the relative expression of ID among populations known or inferred to differ in their mating history (e.g., 72). 3. Among lineages within apopulation-In these 18 studies, levels of ID are compared among lines known or thought to differ with respect to their amount of inbreeding (e.g., 7). In some cases, inbreeding history is inferred (e.g., from floral characters in Mimulus; 20) while in other cases it is experimentally manipulated (e.g., 19 ).
Selection has had progressively less time to act over these nested scales, suggesting that comparisons among them could indicate how effective purging is over various scales. Comparisons among related taxa are likely to reflect average differences in the extent of purging that occur over long periods (since divergence) and among several populations. Such comparisons lack strong controls, however, in that taxa could differ in many aspects of their inbreeding and ecological history. In contrast, studies that experimentally cross plants to compare lineages gain maximum control while losing the opportunity to assess how inbreeding affects purging over longer time periods and variable population circumstances. Comparisons among populations are somewhere in between. Comparisons at multiple levels in the same taxa night provide the most comprehensive information on how purging occurs in different contexts and its effects on mating system evolution.
Inferring Inbreeding History
Reliably inferring inbreeding history is critical for evaluating whether more inbred populations experience reduced levels of ID in accord with the purging hypothesis. Several distinct methods are used to infer the degree to which various taxa, populations, or lineages have experienced inbreeding in the past. Like Darwin (36) , some use flower morphology or estimates of the degree of self-compatibility as measures of population inbreeding (e.g., 105). Others rely on population size, outcrossing rates, or inbreeding coefficients to infer inbreeding history. Each of these approaches has particular advantages and disadvantages summarized here.
1. Flower morphology-In many species, outcrossing rates increase with increasing flower size or stigma-anther distance, allowing one to infer historical patterns of mating from flower form (e.g., 133). These inferences are likely to be reliable if flower form is genetically based and stable, and if flower form and mating system are highly correlated. Such appears to be the case in recently derived selfing Amsinckia (1 46). Anther-stigma separation is also associated with outcrossing in populations of Clarkia tembloriensis (73) , Mimulus guttatus (16a, 41), Mimulus ringens (88), Turizera ulmifolia (8), and Ipomoea purpurea (S-M Chang, MD Rausher, in review). Herkogamy and dichogamy are both correlated with the outcrossing rate ( t )in Aquilegia caerulea (1 1). Flower form can also respond to microhabitat variation and seasonal changes, however (73). 2. Self-compatibility -Like flower form, levels of self-compatibility (SC) are often genetically based and remain stable long enough for populations with differing levels of SC to differ reliably in their inbreeding history. However, the expression of self-incompatibility may also vary with environmental conditions (1 57). We include only one study that used this approach in Camparzula rapurzculoides (I 69 
5.
Inbreeding coefficient--The inbreeding coefficient F estimates the probability of identity by descent between alleles at a locus and thus reflects inbreeding not only in the current generation but also in previous generations. This cumulative aspect of F makes it superior to t for inferring populatiorl history (172) . Nevertheless, because a single generation of random mating resets F to 0, this approach could mischaracterize some historically inbred populations.
Ideally, studies should employ combinations of these approaches, and some do (see data online). Jain (78) compared several methods (population size, outcrossing rate, percent polymorphic loci, and percent heterozygosity) to determine their relationship to expression of inbreeding depression in seven populations. He did not find any relationship leading him to suggest the use of several methods to estimate genetic structure. Studies should also report how selfing is achieved in SC taxa (prior, competing, or delayed; 108).
Estimating Inbreeding Depression
Various techniques are used to estimate ID. Comparisons among taxa and populations typically rely on levels of ID as measured by comparing fitness traits between experimentally produced selfed and outcrossed progeny (6 = 1-6W,/ W,). We term these multiple comparisons (abbr.: M). Because ostensibly outcrossed progeny may actually be somewhat inbred, it behooves researchers to ensure that F = 0 in their parental group (26) . Alternatively, when levels of inbreeding exceed In some comparisons among populations, levels of ID are inferred indirectly from shifts in inbreeding levels over different life history stages and generations. We term these Ritland comparisons (abbr.: R) after K Ritland, who developed and applied this technique (139) . If families differ in inbreeding history, however, they may also differ in levels of ID, adding to the variance and reducing the precision of comparisons among populations. In such cases, it may be preferable to experimentally manipulate the genetic background and levels of inbreeding. Studies that compare ID among lineages within populations often generate progeny at several levels of inbreeding via multiple generations of selfing (e.g., 7, 115). We term these S studies. Such studies clearly reduce the amount of unknown among-family variance, particularly if they start with a randomly outcrossed parental generation.
Measures of ID obtained from different environments do not always agree (see, e.g., 107, 119, 144, 170) . Assays under greenhouse conditions may be less stressful than those in natural habitats, perhaps resulting in a decrease in the expression of ID (42, 122, 136, 142) . Similarly, reducing opportunities for competition in greenhouse studies (e.g., by growing plants individually in pots) may reduce the expression of ID (179) . Higher fertilizer levels increased apparent ID in Schiedea (129). In Impatiens capensis, high density enhanced ID in one experiment (144) but had little consistent effect in another (170) . Field experiments, on the other hand, are prone to both disasters and environmental noise that may obscure even appreciable fitness differences (1 19,170) . Field experiments could also underestimate ID if field conditions restrict growth. Greenhouse studies that incorporate competition could provide reasonable estimates of ID.
The expression of ID may also differ among traits. Traits expressed early in the life cycle such as seed traits may be strongly influenced by maternal effects, clouding the effects of progeny inbreeding (15, 171) . As a population's mating history may influence when ID is expressed (75), it is important for studies to report estimates of ID for multiple traits over the life cycle. Similarly, while most researchers report information on female components of fitness, male components are also sensitive to inbreeding (18, 19, 36, 80, 115) and should be reported.
Methods of Analysis and Meta-Analysis
We first tally the number of studies that find evidence of purging in relation to the type of study (multiple comparisons-M, successive selfing-S, Ritland's method-R) and level of comparison (taxa, population, or line; Table 1 ). Most studies involve multiple comparisons of populations or species (M-studies-see online Table ( www.bio.ilstu.edu/BEES/byers/) for a fuller description). We consider these M studies in more detail as they appear to be the most straightforward and powerful for detecting evidence for purging. Our tallies of which studies find purging or not For studies that present results for a number of populations that differ in t or F, we plotted S versus these predictors of population inbreeding and applied regression analysis ( Figure 1 , Table 2 ). This figure and table allow ready comparison among populations that naturally span a continuous range of inbreeding histories.
PURGING IN PLANT POPULATIONS
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We also applied meta-analysis on a different but overlapping subset of studies to assess how evidence for purging varies with respect to plant life history, how inbreeding was inferred, and which traits were measured. This potentially powerful method weights each study for magnitude of effect and variance in estimates and sample size (which the tallies and regressions do not). Unfortunately, only a few studies (I I) had sufficient information to be included in these analyses (a mean for each trait value, for sample sizes and standard deviations). Because this method requires assignment of populations to a category (either selfing or outcrossing), we included only studies with clearly distinguishable populations. If populations varied appreciably among years in F or t , the study was not included (e.g. 177). In one case, the populations spanned a wide range of outcrossing rates, so we included only the seven most selfed and outcrossed populations (8). These constraints limited our meta-analyses to I0 studies for early traits (4 among-taxa and 6 among-population comparisons), 9 for late traits (2 among-taxa and 7 amongpopulations), and 2 for cumulative fitness (both among taxa; see data online). We used the mixed model of Gurevitch & Hedges (56) to compare the magnitude of cumulative effects (of selfing relative to outcrossing) for early traits (seed weight or germination), late traits (number of flowers or fruits, seedslfruit or plant. or biomass), and cumulative fitness (when provided). For each comparison, we present the cumulative effect size for populations (or taxa) with and without a history of inbreeding. The cumulative effect size is essentially the difference in means (selfed individuals-outcrossed) for a particular trait divided by a pooled standard deviation for the two groups. These values are then pooled as a weighted sum across studies with similar mating histories. The cumulative effect size values are evaluated for homogeneity within groups (Qw,same mating history) and between groups ( Q B ) .Since we do not expect a particular value for either the self or outcross groups, we used the mixed model, and therefore the cumulative effect size was corrected by a constant (for further details see 56).
RESULTS
General Patterns
While many studies found evidence for purging, others did not (Table 1) . Overall, 20 studies observed a significant decrease in ID (6) with a greater history of selfing; 29 found no such decrease; and 4 were inconclusive. The type of study 
( 1 15 only slightly affects the chance of finding declines in 6. Anlong the 36 multiple comparison studies (M), 14 produced evidence for purging, 19 did not, and 3 were inconclusive. Of the three studies that inferred ID from changes in F (R), one found a decline in genetic load, one did not, and one was inconclusive. The least frequent evidence for purging (51 14) occurred in studies involving successive generations of selfing within populations (as expected if small N ,limits purging in selfed lines). Those S studies with five generations of selfing (e.g., 7) usually found declines in 6, whereas similarly designed studies with 2-3 generations of selfing rarely did (e.g., 107, 121, 179) . The scale at which purging is examined only slightly aEects the outcome. Of the 14 studies comparing species, 6 found support for purging, 7 did not, and 1 was inconclusive. Of the 21 among-population comparisons, 8 found reduced load in more inbred populations, 11 did not, and 2 were inconclusive. The least frequent evidence for purging (6118) occurred in comparisons among lineages within a population, perhaps again reflecting diminished opportunities for purging nonlethal mutations in selfing lines.
Does Method of Inferring Mating History Matter?
Does the chance of finding evidence for purging vary with respect to what method is used to infer inbreeding history? The tallies here only include the M and R studies. One study used only population estimates of F , 6 studies used both F and outcrossing rate (t), 4 studies used just t , and 3 used Ritland's (1 39) method. Of these 14 studies, 9 found purging, 3 did not, and 2 were inconclusive. Studies that used both t and floral morphology or population size to determine mating history also did not find consistent purging (3 vs. 7). Those studies that used variation in floral morphology or breeding system to infer history also showed no particular pattern (5 vs. 4 and 1 inconclusive). None of the 5 studies that used population size to infer inbreeding history found evidence for purging. This may reflect inaccuracies in estimating N, variation in N over time, the inefficiency of purging, fixation of the load in small populations, or that N is simply a poor predictor of inbreeding.
Comparisons h o n g Taxa
Only 4 of 1 1 M studies comparing more and less inbred taxa found evidence for purging (1 8, 105, 133 ; C Goodwillie, in review). In Phlox and Epilobium, the cross x species interaction (or correlation of 6 with mating history) was significant for early traits, indicating purging (105, 133) . Similar studies of Amphicarpaea and Lirzunthirs found evidence for the purging of mutations affecting later traits (reproduction or biomass) (1 34; C Goodwillie, in review). Three of the four studies that noted declines in 6 for cumulative fitness in more inbred species found a significant cross x species efYect (84; C Goodwillie, in review; 134). In one of these (84), however, the correlation of 6 (for cumulative fitness) vs. (1 -t) was not significant, leading them to conclude that purging was not significant. Our regression analysis of these data (6 vs. F ) found a significant relationship, however (Table 2) . ID for biomass declined in more selfing taxa of Mimulus, although this was not statistically analyzed (18) . In a similar study, 6 for five fitness traits tended to decline in the more inbred of 15 populations of four species in the Mimulus guttatus complex, but this relationship was inconstant and only significant for height (103) . The other studies did not directly analyze the relationship between ID and mating history and did not show any evidence of purging.
Comparisons Among Populations
In the first study of this kind, Jain (78) compared seven populations of Limnantlzes albn that differed widely in outcrossing rate (0.43-0.97), heterozygosity (0.12-0.27), and percentage of polymorphic loci (0.29-0.57). Although ID was significant in 4 of the 7 populations for several traits, he observed no association between ID and these indicators of inbreeding history among populations. In our overall comparison, 6 of 18 M studies comparing populations found evidence for purging (Table 1 ). Of the 17 that examined early traits, two studies found a significant decrease in 6 in populations with a greater history of selfing (70, 86) . Several reported nonsignificant cross x population interactions or correlations of 6 with mating history for early traits (8, 45, 57, 60, 114, 132, 175) . The other studies provided no support for purging (but no inbreeding depression for early traits was observed in 5 studies).
Of 12 M studies comparing ID for late (reproductive or biomass) traits among populations, seven tested directly for purging and none were significant. Two studies found significant variation for 6 among populations, but no clear association with mating history (8) or population size (168) . In four populations of Collinsia heterophylln with significant ID, regression analysis showed ID to decrease in more selfing populations (1 15) . ID for reproductive traits (seed weight, seed set, and fruit set) declined in more selfing populations, although this was not tested statistically (Clnrkin; 72).
Regression Results
Fourteen of the 27 M studies of taxa and populations provided sufficient information to analyze linear relationships between 6 and F , t , or estimated population size ( Figure 1, Table 2 ). If purging is effective, we expect 6 to decline in more inbred populations (higher F) and to increase in populations with higher out--crossing rates (t) or larger populations. Overall, these trends are modest, with only one F and one t study showing individual significance (Table 2 ). In Amsinckia, 6's for both early and cumulative fitness traits decline in more inbred species and populations (84). While this was the only F study to be individually significant, enough studies showed declines in 6 for early traits for the overall trend to be significant (p < 0.01; Table 2 ). This result suggests that purging may be more effective against mutations affecting early traits (75) . In contrast, decreases in 6 observed across studies were not large or consistent enough to be significant for survivorship, reproductive traits, or cumulative fitness ( Figure 1 ; Table 2 ).
Evidence for purging is less evident in studies exploiting variation in outcrossing rates. Only about half the individual regressions find 6 to increase with t as expected under the purging hypothesis, and most overall regressions were in the wrong direction ( Table 2 ). The only significant individual regression (for cumulative fitness in Collinsia heterophylla) was positive (1 15) supporting the purging hypothesis. Only two studies used population size to infer mating history, and they did not show any pattern.
Meta-Analysis Results
For the 1 1 studies that provided sufficient data (M studies of taxa and populations), we applied meta-analyses aimed at testing whether ID regularly declines in more selfinglinbred groups, as reflected by a significant value of Q z T a b l e 3). Overall tests revealed no consistent difference between the more and less inbred groups ("Over all studies" lines; Table 3 ). In fact, there appeared to be more ID in the more inbred groups for early and late traits, contrary to the prediction of purging. The variation within groups, however, is too great to demonstrate significance. Likewise, with only 7 populations from 2 studies, we cannot draw conclusions regarding cumulative fitness.
Meta-analyses also reveal little effect of life history (Table 3 ) despite the fact that tallies suggest that herbaceous perennials are less likely to purge mutational load than annuals (2 of 10 vs. 7 of 14 studies, respectively). One of 4 studies involving woody perennials found purging.
Of the three methods used to infer inbreeding history ( t , F , or Other), only studies comparing populations that differ in t showed a significant difference between selfing and outcrossing populations (Table 3) . This difference, however, again showed inbreeding populations to have greater ID than outcrossing populations, contrary to predictions of the purging hypothesis. Tallies of the M (taxa and population) studies revealed no pattern except that studies using population size to infer mating history found no evidence of purging.
Lineages Wthin Populations
Most within-population studies compared lineages that differ in mating system characters known or expected to affect the selfing rate. Four of these seven studies found evidence for purging. Only one of three studies that compared 6 between females and hermaphrodites within gynodioecious species found a reduction in the load in hermaphrodites as expected if purging occurs swiftly in response to selfing in these lines. Del Gastillo (39) found higher ID for fruit set and seed production in females in Phacelia dubia. Mutikainen & Delph (126) , however, examined maternal family by cross effects for four fitness traits and found 6 was approximately twice as high (0.3) in hermaphrodites as in females, contrary to the purging hypothesis. Ashman (4) found no relation. Two of three studies that used anther-stigma distance to infer inbreeding history found evidence for purging (e.g., Ipomoeapurpurea. where 6 values for late traits and cumulative fitness decrease in lineages with less anther-stigma separation; S-M Chang, MD Rausher, in review). Interestingly, male fitness responds more than female fitness to inbreeding in this species. Unfortunately, male traits are only rarely measured in other studies.
One study compared the variable expression of self-incompatibility with variation in ID. In Camparzula rapurzculoides, different S genotypes vary in their expression of self-incompatibility, causing variable rates of selfing that parallel slight decreases in 6 for early traits (169) .
Effects of lineage are also evident in the many taxa and population studies where maternal family by cross interactions are significant (1,70,132,133,141) . Such results reflect the potential for greater selfing rates to coevolve with purging within populations. Unfortunately, such interactions are not often quantified or investigated in relation to known differences in the mating history of maternal families.
Experimental Conditions
We found no relationship between the conditions under which experiments were conducted and the likelihood of finding evidence for purging. Fewer than half (7 of 19) of the greenhouse studies found decreased ID in more inbred populations or lineages. Of the few studies that used common garden (3) or field (2) assays, two showed reduced load, two did not, and the fifth was inconclusive. Of the five studies that used greenhouse and field or garden assays, 1 found decreased ID, 3 did not, and one was inconclusive. Johnston's (81) study, for example, found limited ID in two species of Lobelia, but not any systematic difference in the expression of ID in the field vs. the greenhouse. Holtsford & Ellstrand (72) found greater expression of ID in the greenhouse, but Eckert & Barrett (45) found more ID in the field.
Several greenhouse studies varied growing conditions in order to examine how ID varied with respect to conditions. Three of 8 studies found ID to depend on conditions, but none of these found conditions to affect the detection of purging (8, 17; C Goodwillie, in review). Thus, while the greenhouse conditions may better control environmental variance, they do not appear to increase the probability of finding purging.
DISCUSSION
How Major and Consistent a Force Is Purging?
While some studies indicate that while purging of the mutational load occurs in individual cases, purging does not appear to act consistently as a major force in natural populations (Table 1, Figure 1 ). We chose and categorized studies according to their experimental design, favoring those that attempted to directly test how a 500 BYERS RALLER -history of inbreeding affects the expression of inbreeding depression. The strongest studies compared many populations or lineages that varied in estimated rates of selfing or inbreeding (e.g. 8,20,73,84,91,103; C Goodwillie, in review; DM Waller unpublished data). However, only one of these (C Goodwillie, in review) found significant evidence for purging. In other studies, ID sometimes appears to decline in more selfing populations, but the relationship is not significant (e.g. 84). In an extensive study involving several Mimulus spp., 6 appeared to decline with greater selfing (higher F) across species and populations, but the relationship was not significant for reproductive traits or cumulative fitness (103) . These inconsistent results parallel Darwin's (36) conclusion cited in the Introduction and appear to undermine some recent assertions that purging can be a powerful force in inbred populations.
Parallel studies in animal populations also reveal variable results (e.g. 98, 99, 150, 167) . Ballou (6) recently assessed the extent of purging in 25 captive mammalian populations by comparing levels of ID in the inbred progeny of parents with and without ancestral inbreeding. Inbreeding depression for neonatal survival declined in 15 of 17 species, but the decline was only statistically significant for the Sumatran tiger. While the combined data strongly support the existence of purging, the median effect was small (2% at F = 0.25) and similar to the slope observed in the F studies for early traits (=0.102) ( Table 2 ). These data also suggest that purging affects early survival more than later traits.
What Limits Purging?
Why should reductions in the genetic load in more inbred groups be difficult to detect? Authors who did not find evidence for purging often volunteer explanations. For example, some suggest that experimental designs lack sensitivity for detecting changes in ID. Others suggest that their populations may be too similar in mating history or population size to provide good evidence for purging (e.g. 115, 132, 168) . Others argue that long-lived species may be unlikely to shed their genetic load (e.g. 45) . Finally, many argue that purging may be limited by its genetic basis (mildly deleterious or partially penetrant alleles, epistasis, etc-106, 126; JH Willis, in review; 128). Let us consider these in turn.
Experimental design-Does experimental design affect the likelihood of finding purging? Studies clearly differed greatly in design and setting in ways that could affect the detection of purging. Holtsford & Ellstrand (72) , for example, found evidence that more selfed populations in the lathhouse purged some of their mutational load but did not in similar experiments in the field. We found no consistent patterns over all the studies, however.
The accuracy with which we can infer mating history may also influence our ability to test its effect on purging. Because outcrossing rates can vary widely among years in response to fluctuating ecological conditions (e.g. 4 3 , we expected t to be a poor predictor of purging. Likewise, N may fluctuate widely and unpredictably over time, particularly in short-lived plants. The inbreeding coefficient (F) appears better suited to comparative studies in that it often reflects the integrated effects of inbreeding history due to both small N and the mating system. This may explain why only the F studies provided overall evidence for purging (of early traits- Table 2 ). Such effects were not evident in the meta-analyses, however, suggesting few clear differences in the likelihood of finding purging among methods. Studies involving limited contrasts among mating histories are constrained in their ability to detect purging (e.g. 115 ) , but even studies comparing populations across a broad range of mating histories did not consistently find evidence for purging. Of the studies that used t to infer inbreeding history, only one showed significant increases in S in more outcrossed populations (Figure 1 ).While variable selfing rates likely affect individual studies, the lack of any overall pattern across studies suggests that purging is an inconstant force.
Life history traits influence tlze extent ofpurging-Perennials were less likely to decrease their genetic load than annuals (17% vs. 50%). If the purging of mildly deleterious mutations occurs slowly in mixed mating populations (22, 102) , such results are not surprising.
Effectiveness of purging on early vs, later traits-Husband & Schemske (76) compared levels of ID in selfing and outcrossing species and found lower ID for early traits in the selfers. We therefore expected to find more purging for early traits. While the regression analyses reveal some purging of ID for early traits in the F studies (Table 2 ), no such pattern emerged from the meta-analysis. In some cases, purging appeared to occur for later traits (e.g. 8, 20, 72) . Whereas species characteristics and experimental design obviously influence our ability to detect ID and thus purging, collectively these results suggest that purging may be limited in its extent and consistency.
The genetic basis of inbreeding depression-The extent to which purging occurs in more inbred populations strongly depends on genetic details including the distribution of selective effects, the degree of dominance, and interactions among loci (see Theoretical Background). Mutations that are even slightly penetrant in the heterozygote are far more likely to be eliminated as heterozygotes, greatly reducing the degree to which inbreeding can reduce the load (26) . Similarly, although selection can act swiftly to eliminate recessive lethal mutations exposed upon inbreeding, selection acts far more slowly against mildly deleterious recessive mutations. Such selection also becomes ineffective in small populations for mutations below a threshold effect, limiting the extent of purging. Limitations may also exist in the form of selective interference among loci segregating for deleterious mutations.
Thus, variability in the extent of purging found among studies may reflect variation in dominance, mutational effects, and the history of selection. Recent empirical studies suggest that slightly deleterious mutations with intermediate degrees of dominance may contribute the most to ID (43, 45, 83 ; JH Willis, in review; 103). Many authors now explain failures to find purging as the likely consequence of slightly deleterious mutations contributing most of the genetic load (94; JH Willis; in review, 128). Mutation accumulation studies to document rates of mutation and the distribution of mutational effects are needed to bolster this conclusion.
Implications for Mating System Evolution
Initial dynamic models of mating system evolution suggested that periodic bottlenecks or pollinator failures could enforce selfing in a way that could purge mutational load due to recessive alleles of major effect (102) . We expect such purging to cause runaway selection for ever-higher rates of selfing. Exclusively selfed populations and species are quite rare, however (36, 77, 172) , suggesting that purging may not regularly act as an efficient force or that it may be countered in real populations by mutation accumulation in selfed or bottlenecked lines. This review reveals only limited evidence for purging and, in a few cases, evidence that load may even increase in more inbred populations or lines. If small or more inbred populations do not efficiently and regularly purge their mutational load, the potential for runaway selection for increased selfing is correspondingly limited. The low fraction of purging observed in woody perennials (1 of 4 studies) lends some support to the conjecture that there may not be sufficient time for purging to occur under some circumstances (102) . However, the many populations that retain intermediate selfing rates (e.g. 7 1, 158) suggest evolutionary stability.
Ecological factors can also favor selfing for reasons unrelated to reduced ID (e.g., lower resource costs of selfing, pollinator limitation, etc-64,163). Pollen discounting (reduced availability of pollen for outcrossing due to selfing) can favor mixed mating as well as pollen limitation (64,163). Limited pollen and seed dispersal will also tend to structure local populations (49, 182) in a way that increases biparental inbreeding (66). Biparental inbreeding mimics selfing in its effects on both parent-offspring relatedness and purging and could help maintain mixed mating systems (162, 183) .
These models indicate that the evolution of mixed mating systems depends on more than levels of ID. Johnston (82) and Schoen examined the joint effects of pollen discounting and ID on the mating system. Mixed mating is favored when an increase in selfing causes declines in the proportion of outcrossed ovules fertilized or a decrease in male fitness via pollen export. They also found evolutionarily stable intermediate selfing rates under conditions of low mutation rates and moderate dominance coefficients. Pollen discounting is apparently sufficient in Ipomoea purpuren to prevent more selfing lineages from becoming fixed in populations (S-M Chang, MD Rausher, in review). Fixation of deleterious mutations over successive generations of selfing will also counter ever-higher selfing rates ( 4 12) .
Most studies that checked found evidence for significant family (or lineage) by cross-type interactions (e.g. 40,129), indicating variation in how lines respond to inbreeding. Such variation could be maternal effects. Alternatively, any of several direct genetic eEects could occur. First, the mutation of major effect will increase variation among lines; this could be increased further by drift. Second, variation in the amount of inbreeding among lineages implies that the recovery of fitness upon wide outcrossing will be greater for more inbred lines. This variation also contributes to the differences in heterozygosity among lines referred to as identity disequilibrium (10, 95) . Third, variation in inbreeding history may cause purging in more inbred lines. Thus, the increased variance for 6 among lines observed by Dudash et a1 (44) after five generations of selfing in Mimulus guttatus could reflect both differential purging and mutation fixation among lines. A recent model by Schultz & Willis (149) predicts that random genetic variation of mutations will contribute more to variation in the load among lines than mating history. This latter source of variation was predicted to be too small to reliably detect.
Note that these mechanisms make different predictions regarding possible associations between breeding history and ID. If random mutation and drift cause lines to differ, we expect little consistent relationship between ID and breeding history among lineages. If differential recovery of fitness is responsible for the differences among lines, we expect estimated levels of ID to be greater for more inbred lines (assuming parents are not randomly mated before testing ID). And if purging accounts for differences among lines, we expect ID to decrease in more inbred lines. Associations between load and mating system loci also influence mating system evolution (16, 163) . ID declined significantly in more inbred lines in 6 of 18 lineage comparisons (Table I) , including two studies that inferred mating history using anther-stigma separation (S-M Chang, MD Rausher, in review; N Takebayashi, LF Delph, in review). This seems surprising in light of the Schultz and Willis prediction.
Implication for Small Population Conservation
Some have advocated deliberate inbreeding to purge the mutational load in captive populations (e.g. 161) . Such programs appear risky, however, in that some mutations will be fixed as purging is occurring, particularly in small populations (110) . The tendency for inbreeding to fix deleterious mutations has been noted in some empirical work (e.g. 44) . Computer simulations of ID in large vs. small populations further indicate that there is increased variance in the expression of ID in small populations (57).Not detecting inbreeding depression in a small or inbred population does not necessarily demonstrate that purging has occurred. Fixation of the load can also cause ID to decline (by depressing outcrossed fitness rather than by raising selfed fitness). Similarly, selection occurring in multigeneration experiments can raise the fitness of both inbred and outbred progeny to similar extents, causing 6 to decline even though no purging of mutations has occurred (as in corn-see 9). Thus, to accurately determine the extent to which small or inbred populations have shed or fixed mutations, one must compare absolute fitnesses (and, ideally, evaluate the progeny from crosses between populations). The studies reviewed here suggest that intentional inbreeding to promote purging could result primarily in temporary reductions in lethal and semilethal mutations at the cost of fixing many mildly deleterious mutations that could eventually erode population fitness.
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Recommendations for Future Research
Future studies designed to assess purging would be most useful if they routinely incorporated a number of design and reporting features:
1. Studies of ID should examine multiple fitness traits that extend over the full life-cycle of the plant. This will ensure that one can judge the relative degree to which ID for both early and late traits may be purged. 2. Estimates of ID based on comparisons of progeny fitness should statistically control for maternal effects (e.g., differences in seed size) that can appreciably affect progeny performance and cloud genetic effects of inbreeding between populations. 3. Successive inbreeding studies should pay particular attention to male fitness components such as pollen number and viability. Most studies only quantify ID for female fitness, although male fitness can be significantly influenced by inbreeding (17, 80 ; JH Willis, in review). This lack of information is particularly critical if ID effects differ between the sexes (S-M Chang, MD Rausher, in review). 4 . Comparative studies should incorporate appropriate controls and report more than simply the levels of inbreeding depression observed. In particular, we urge authors to report absolute selfed and outcrossed fitnesses and inbreeding load (the number of lethal equivalents).
.
Studies should routinely and clearly report sample sizes, variances (or S.D.), and means. Such data are needed to compile meta-analyses of the data. 6. Inbreeding studies should routinely test for family or line by cross-type interactions and whenever possible test for relations between levels of 1D and any known differences in the breeding history of those lines.
CONCLUSIONS
Like Darwin, late twentieth century researchers usually take steps to make controlled and unbiased comparisons, measure several successive components of fitness, combine these to calculate overall estimates of inbreeding decline, and apply state-of-the-art statistical analyses. Some also follow Darwin in considering the effects of growing conditions on the expression of ID and documenting the cumulative effects of multiple generations of selfing. In doing such work, we should also attempt to emulate Darwin's work in terms of its careful execution, concern for male fitness traits, and attention to potentially confounding variables. The efficiency with which selection can purge populations of their genetic load depends on the size of mutational effects, the degree of dominance, interactiolis among loci, the breeding system, and population size. The many theoretical impediments to efficient purging suggest that we should not expect it to occur universally in natural or captive populations. Thus, we should not be surprised that comparisons like Darwin's (36), Ballou's (6), and these 52 plant studies reveal only limited support for purging. Whereas these studies vary considerably in species examined, how inbreeding history was inferred (F, outcrossing rate, etc), how ID was evaluated, and the particular traits measured, these factors were of only limited utility in predicting when purging would occur. While other factors may yet better predict patterns of purging, these results suggest that purging may not occur even in consistently inbred lineages.
The variation we observe among studies probably reflects both variation in experimental design and conditions and real variation among populations and taxa in the extent to which purging occurs. Thus, although populations are capable of purging under some circumstances, purging appears neither consistent nor effective enough to reliably reduce ID in small and inbred populations.
